Highlights d The inactive X (Xi) is folded in a stepwise manner to achieve silencing d S1 and S2 compartments form when Xist spreading restructures A/B compartments d Upon its recruitment, SMCHD1 merges S1/S2 to create a ''compartment-less'' Xi d SMCHD1 loss causes S1/S2 persistence, defective Xist spreading, and failed silencing
INTRODUCTION
X chromosome inactivation (XCI) balances the dosage of X-linked genes between mammalian females and males. For over 50 years, XCI has served as an epigenetic paradigm (Disteche, 2012; Lee, 2011; Starmer and Magnuson, 2009; Wutz, 2011) and, more recently, as a model to study 3D genome organization (Fraser, 2016; Jé gu et al., 2017) . Molecular mapping of genome topology has revealed salient features of chromosomal architecture (Bonev and Cavalli, 2016; Schmitt et al., 2016) . For instance, mammalian chromosomes are organized into alternating ''A/B compartments''-Mb-sized spatial compartments harboring chromatin of similar states, with A compartments being actively transcribed and gene-rich, and B compartments being transcriptionally inactive and gene-poor (Bickmore and van Steensel, 2013; Lieberman-Aiden et al., 2009) . At a finer scale, mammalian chromosomes are partitioned into ''topologically associated domains'' (TADs) of $1 Mb average size. Within TADs, genetic elements frequently contact each other, but they rarely do so between TADs (Dixon et al., 2012) . Although these chromosome structures are currently thought to partition functional domains for coordinated gene expression, mechanistic and functional relationships are not fully understood (Dekker and Mirny, 2016; Martinez-Jimenez and Odom, 2016; Ong and Corces, 2014) .
The mammalian inactive X chromosome (Xi) is unique in its reconfiguration into an unusual chromosome conformation. Whereas the active X (Xa) is similar to autosomes in being organized into A/B compartments and TADs, the $60 A/B compartments and $110 TADs originally on the Xa are thought to be eliminated globally during XCI (Minajigi et al., 2015; Giorgetti et al., 2016; Pandya-Jones and Plath, 2016) . The Xi is instead folded into two ''megadomains'' of 73 and 93 Mb in mice, separated by a boundary near the macrosatellite repeat, Dxz4 (Deng et al., 2015; Giorgetti et al., 2016; Minajigi et al., 2015; Rao et al., 2014) . The noncoding Xist RNA plays a central role in structural reconfiguration of the Xi (Splinter et al., 2011; Minajigi et al., 2015; Giorgetti et al., 2016) , with expression of Xist inducing megadomains, and deleting Xist restoring selective TADs along the Xi. Without A/B compartments and TADs, the Xi is currently considered to be ''unstructured. '' In consideration of protein factors that may regulate the structure of the Xi, of particular interest are architectural factors in the family of structural-maintenance-of-chromosomes (SMC) proteins. Two family members, the cohesins and condensins, are known to play key roles in chromosomal architecture (Hirano, 2016; Jeppsson et al., 2014; Merkenschlager and Odom, 2013; Wood et al., 2010) . In mammals, cohesins and CCCTC-binding factor (CTCF), another architectural protein, drive TAD formation, with cohesins enabling chromatin looping within TADs and CTCF defining TAD boundaries (Rao et al., 2017; Schwarzer et al., 2017) . A role for condensins has been precedented by nematode dosage compensation, where condensins bind at TAD borders to downregulate two X chromosomes in the hermaphrodite (XX) to achieve dosage parity with the XO male (Crane et al., 2015; Wood and Bickmore, 2015) . To date, no Xi-specific SMC complex has been identified in mammals. However, previous studies have shown that a variant-the structural-maintenance-of-chromosomes hinge domain containing 1 (SMCHD1) ( Figure 1A )-is enriched on the Xi (Blewitt et al., 2008) . Mutations of Smchd1 in mice cause defective X chromosome silencing and female embryonic lethality (Blewitt et al., 2005 (Blewitt et al., , 2008 . How SMCHD1 functions mechanistically is not known. Here, we probe a potential architectural role for SMCHD1 and investigate the mechanism by which it shapes the Xi and represses gene expression.
RESULTS
An SMCHD1 Loss-of-Function System Reveals Selective Sensitivity of Xi Genes Xist RNA has been established as a scaffold upon which epigenetic factors are recruited to the Xi (Minajigi et al., 2015; Chu et al., 2015; McHugh et al., 2015) . Among >100 factors identified in a recent proteomic study was SMCHD1 (Minajigi et al., 2015) . To test if SMCHD1 recruitment requires Xist, we performed SMCHD1 immunofluorescence in female mouse fibroblasts in which Xist is conditionally deleted from the Xi (Xa WT Xi DXist ) (Zhang et al., 2007) . Whereas wild-type (WT) fibroblasts showed prominent SMCHD1 foci co-localizing with the Xist cloud, Xa WT Xi DXist cells showed no SMCHD1 enrichment despite normal SMCHD1 levels (Figures 1B and S1A) . To test sufficiency, we examined autosomes carrying an inducible Xist transgene in male and female mouse embryonic fibroblasts (MEFs) (Jeon and Lee, 2011) . Xist induction resulted in appearance of a large colocalizing SMCHD1 focus (Figures 1B, _X+P, and S1B, \X+P). Murine Xist RNA is therefore both necessary and sufficient to direct SMCHD1 in cis to the Xi, consistent with human studies (Kelsey et al., 2015; Nozawa et al., 2013) . We established a loss-of-function system to explore the role of SMCHD1 in XCI using mouse embryonic stem (ES) cells, an ex vivo model for XCI. Prior studies suggested that only a minority ($10%) of X-linked genes are sensitive to SMCHD1 (Blewitt et al., 2008; Gendrel et al., 2012 Gendrel et al., , 2013 Mould et al., 2013) . However, these studies could not distinguish between Xa versus Xi expression. To overcome this technical limitation, we utilized a hybrid cell line that carries one Mus musculus X chromosome (X mus ) and one Mus castaneus X (X cas ). This Tsix TST/+ cell line also harbors a mutated mus Tsix allele that thereby forces X mus to be Xi (Ogawa et al., 2008) , enabling usage of >600,000 X-linked sequence polymorphisms to discriminate Xa versus Xi expression. We then used CRISPR-Cas technology to derive Smchd1 À/À mutant clones (Figures S1C-S1F), with each confirmed as deletions (Figures S1F and S2A) . Below, multiple Smchd1 À/À and WT (Smchd1 +/+ ) clones were examined, with biological replicates yielding similar results.
To obtain a population with completed XCI, we differentiated ES cells into neural progenitor cells (NPCs) (Figures S1G and S1H) and isolated XX subclones to circumvent a tendency for Smchd1 À/À cells to become XO during differentiation (Figures S1I and S1J) . RNA-seq analysis of two WT and two Smchd1
À/À clones showed that a majority (70%; 892/1275) of differentially expressed genes were upregulated (Figures 1C and S2B) . Apart from expected autosomal changes (e.g., protocadherin a [Pcdha]) (Gendrel et al., 2013; Mould et al., 2013) (Figures 1C and S2C) , a fraction of X-linked genes was also upregulated (Figures 1C and S2B) . Cumulative distribution plots showed a significant right shift of X-linked gene expression (red) relative to autosomal profiles (black) in Smchd1 À/À cells ( Figure 1D ).
Approximately 30% (383/1275) of genes were downregulated, but they were not enriched on the X chromosome ( Figure S2B ). The X chromosome was therefore disproportionately upregulated by ablating Smchd1.
To determine whether upregulation occurred on the Xa or Xi, we performed allelic analyses and observed an Xi-specific upregulation . 230 of >1,000 total X-linked genes passed our analysis pipeline and were identified as genes subject to XCI in NPCs (Xi genes) ( Figure 1E ). We quantified the extent of allelic skewing by computing percent expression from X mus (Xi) alleles (%mus) for the 230 Xi genes and then examined the difference between WT and Smchd1 À/À clones.
For WT clones 1 and 2, the degree of allelic skewing was extreme with values at or near 0% ( Figure 1G , left), consistent with XCI. On the other hand, in both Smchd1 À/À clones, there was significant upward movement along the y axis ( Figure 1G , middle), indicating a derepression of Xi genes. Two subpopulations (unpaired, one-sided) . (E) Workflow showing classification of X-linked genes into SMCHD1-sensitive versus SMCHD1-insensitive genes. (F) FPM-normalized RNA-seq coverage profiles showing failed silencing of 2 SMCHD1-sensitive genes. comp, all reads; cas, cas-specific reads (Xa); mus, mus-specific reads (Xi). Scales shown in brackets. (G) Scatterplots comparing degree of allelic skewing (%mus) between various clones as indicated. Plotted are 230 genes subject to XCI in NPCs. Red dots, SMCHD1-sensitive genes; blue dots, SMCHD1-insensitive genes. (H) Probability density plots of %mus for 73 concordant SMCHD1-sensitive genes. (I) X chromosome locations of SMCHD1-sensitive and SMCHD1-insensitive genes. (J) Clustering of SMCHD1-sensitive and SMCHD1-insensitive genes. Left: distribution of distances from an SMCHD1-sensitive gene to the nearest sensitive (red) or insensitive gene (blue). Right: distribution of distances from an SMCHD1-insensitive gene to the nearest sensitive (red) or insensitive gene (blue). *p = 3.2 3 10 À8 , **p = 1.6 3 10 À8 (Wilcox test).
See also Figures S1 and S2. Figure 1F ). This failure of silencing occurred to varying degrees ( Figures 1G and 1H ). Between two independent Smchd1 À/À clones, 73 Xi genes were concordantly dependent on SMCHD1 (p < 0.0002 in comparison to a model generated by random sampling; Figure S2E ). The degree of derepression was also well-correlated between clones (r = 0.78, Figure 1G , right) and biological replicates (r = 0.76 in clone 1, 0.88 in clone 2; Figure S2D ). Probability density plots demonstrated similar propensity toward expression of 73 concordant X mus alleles in both Smchd1 À/À clones ( Figure 1H ), while Xa (X cas ) expression was unchanged (Figure S2F) . Increased Xi expression resulted in up to 2-fold upregulation of total expression, consistent with an additive effect of Xi and Xa alleles ( Figure S2G ). While SMCHD1-sensitive genes were found throughout the Xi, they showed a tendency to cluster (Figures 1I and 1J) (Gendrel et al., 2013) . Thus, SMCHD1 loss results in failure to silence up to 43% of Xi genes (99/230)-a much larger fraction than previously reported (Gendrel et al., 2013; Mould et al., 2013) .
SMCHD1 Regulates Spreading of Xi Heterochromatin
Previous work suggested that SMCHD1 is not required for Xist spreading or trimethylation of histone H3 at lysine 27 (H3K27me3) by Polycomb Repressive Complex 2 (PRC2), as SMCHD1-deficient cells still exhibited large cytological foci of Xist and H3K27me3 (Blewitt et al., 2008) . Because cytology lacks molecular resolution, we performed allele-specific chromatin immunoprecipitation sequencing (ChIP-seq) to map H3K27me3 and the activating H3K4me3 mark. In WT cells, H3K27me3 was enriched on the Xi, whereas H3K4me3 was enriched on the Xa, as expected ( Figure 2A ). In Smchd1 À/À cells, the pattern changed significantly, particularly for SMCHD1-sensitive genes. Promoters for SMCHD1-sensitive genes became marked by H3K4me3 and gene bodies became depleted of H3K27me3 ( Figure 2A , red shading). H3K27me3-depleted regions were sharply demarcated, with boundaries coinciding with gene borders-a chromatin signature reminiscent of genes that escape XCI (escapees; e.g., Kdm5c, Figure 2A , and Eif2s3x, Figure 2B ). Failure of silencing of SMCHD1-sensitive genes correlated with gain of H3K4me3 ( Figure S3A , left) and loss of H3K27me3 ( Figure S3A , right), indicating an erosion of heterochromatin. A total of 126 Xi genes belonged to this classhenceforth called ''class I''-for which SMCHD1 depletion resulted in loss of H3K27me3 and gain of H3K4me3 in NPCs. The total number (126) was defined by chromatin marks and therefore was greater than the 99 defined strictly by Xi-expression. However, the overlap between the two subgroups was high (78 genes), with class I genes accounting for nearly all of the X-upregulation ( Figure 2C ). Interestingly, altered chromatin states were not limited to class I genes. Another class consisting of 80 genes-henceforth class II-acquired H3K4me3 at promoters, but remained covered by H3K27me3 in gene bodies ( Figure 2B , yellow shading). Despite acquiring H3K4me3, class II genes remained silent ( Figure 2D ) and were therefore only partially responsive to SMCHD1 depletion. Overall, 58% of Xi genes were responsive to SMCHD1, either at the chromatin and/or gene expression levels. The remaining 42% of Xi genes were unresponsive and categorized as class III. Loss of SMCHD1 also caused erosion of heterochromatin in non-genic regions ( Figure 2E , blue shading), with $70% of intergenic regions flanked by class I genes becoming depleted of H3K27me3 ( Figure S3B ), indicating a heterochromatin ''spreading'' defect around class I genes (Figure 2E ). Class I genes tend to co-cluster within gene-rich regions (r = 0.63; Figures 2F and 2G) . Nearest neighbor analysis showed that class I genes have shortest distances to other class I genes, and longer distances to class II (partially sensitive) and class III (resistant) genes ( Figure 2G , left). Reciprocally, class III genes showed shortest distances to other class III genes and longer distances to class I and II genes (Figure 2G, right) . Altogether, these data demonstrate that, although H3K27me3 signals appear unaffected cytologically on the Xi ( Figure 2H ), ablating Smchd1 significantly disrupts spreading of H3K27me3 at the regional level.
Defective Spreading of Xist RNA Because Xist RNA recruits PRC2 (Zhao et al., 2008) , the regional loss of H3K27me3 in Smchd1 À/À cells suggested a defect in Xist spreading. To map Xist binding, we performed CHART-seq, a genomic mapping method for RNA in which chromatin is isolated using complementary oligonucleotides for the RNA of interest (Simon et al., 2013) . In two biological replicates, Xist RNA was broadly enriched across the X chromosome (Figures 3A and S3C) (Engreitz et al., 2013; Simon et al., 2013 ; r = 0.87 for WT; Figure 3A ). In Smchd1 À/À cells, however, regions of Xist depletion were evident throughout the Xi ( Figures 3A and S3C , green shaded regions). Xist depletion strongly correlated with H3K27me3 depletion (r = 0.88; Figure 3A , middle tracks) and anti-correlated with H3K4me3 acquisition (r = À0.40; Figure 3A , bottom tracks). On a regional scale, the spreading defects were accentuated. Broad Xist-depleted regions coincided with domains showing loss of H3K27me3 and gain of H3K4me3 (Figures 3B and S3D) . Metagene analysis comparing Smchd1 À/À versus WT cells showed that Xist and H3K27me3 were strongly depleted (F) Chromosomal locations of various categories of X-linked genes. We segmented the X into 400-kb bins and plotted the number of genes for each category. Figure S3 . Distance (kb) from a 3-kb X-chromosomal metagene across class I genes ( Figure 3C ) and their intergenic regions ( Figure S3E ), suggesting that aberrant Xist distribution underlies defective heterochromatin spreading. On the other hand, Xist binding was not reduced across class II or III genes ( Figure 3C Figure 3D) . Collectively, we demonstrate that Smchd1 loss results in regional defects in Xist spreading, heterochromatin formation, and gene silencing within class I domains. These findings underscore the idea that a normal cytological appearance of Xist and H3K27me3 (Blewitt et al., 2008) (Figures 2H and 3D ) may belie significant underlying molecular defects.
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SMCHD1 Merges Chromatin Compartments on the Xi
Depleting SMCHD1 was previously shown to affect Xi morphology at the cytological level (Nozawa et al., 2013) . To probe effects at a higher resolution, we performed in situ highthroughput chromosome conformation capture (Hi-C) (Rao et al., 2014) in WT and Smchd1 À/À NPCs. Allele-specific analysis revealed two highly reproducible biological replicates (Figure S4A) . Contact heatmaps at 200-kb resolution showed that, while loss of SMCHD1 did not affect Xa structure ( Figure 4A , top), the Xi underwent marked topological changes ( Figure 4B , top). Whereas the WT Xi exhibited two megadomains separated by Dxz4, the mutant Xi showed altered megadomain appearance, with chromatin interactions becoming heterogeneous within each megadomain. The Pearson correlation map showed a checkerboard pattern for the Smchd1 À/À Xi, in sharp contrast to the WT Xi ( Figure 4B , bottom), indicating appearance of smaller-scale compartments in Smchd1 À/À cells. Importantly, the new compartments did not resemble the finer A/B compartments of the Xa ( Figure 4A , bottom). To characterize the new compartments, we applied principle component analysis (PCA). In WT NPCs, the Xa harbored $60 A/B compartments, with the active A compartments correlating with H3K4me3-enrichment (r = 0.66); the Xi showed characteristic megadomains ( Figures 4C and 4D ). In Smchd1 À/À cells, A/B compartments were unchanged on the Xa (r = 0.98), but the Xi looked dramatically different: 26 new compartments appeared with an average size 4.7 Mb (Figures 4C and 4D ). These compartments were distinct from A/B compartments of the Xa and lacked correlation with H3K4me3 (r = 0.20). Their border also did not align with the sharp megadomain transition at Dxz4 ( Figure 4D , light blue-shaded region). Henceforth, we dub the new compartments ''S1'' (red) and ''S2'' (blue). The S1/S2 compartments are unique to the Xi.
We investigated the relationship between Xist RNA and S1/S2 compartments and observed that, while Xist density did not correlate with megadomains in WT cells (r = 0.26), it showed high correlation with S1 domains of Smchd1 À/À cells (r = 0.76, Figures 4D and 4E ). H3K27me3 density was likewise strongly correlated (r = 0.85, Figure 4D ). Furthermore, S1 domains had higher gene density, with both class I and class III genes enriched in this compartment ( Figure S4B ). Class I gene clusters were usually seen where Xist dipped in coverage within S1 compartments ( Figure 4E ). SMCHD1 depletion thus revealed a tendency of Xist-rich and Xist-poor chromatin to form distinct spatial compartments, a hidden layer of architectural organization obscured on the normal Xi. We conclude that SMCHD1 plays a critical role in organizing Xi structures by merging chromatin compartments.
SMCHD1 Controls Xi TAD Strength
The Xi is thought to lack TADs (Minajigi et al., 2015; Giorgetti et al., 2016) . Interestingly, however, by employing in situ Hi-C, we observed clearly discernible TADs, albeit weak, across the entire Xi of WT NPCs at 40-kb resolution (Figures 5A and S4C) . By computing insulation scores (Crane et al., 2015; Giorgetti et al., 2016 ) based on chromatin interactions across a sliding genomic window along the Xi, we observed ''waves'' reflecting changes in chromatin interaction frequency, with local minima signifying borders between TADs. Although wave amplitudes were smaller on the Xi, the local minima and maxima often coincided with those on the Xa ( Figures 5A, S4C , and S5A), implying that the Xi has a similar underlying TAD organization. For Xi TADs, boundary strength was usually lower except at Dxz4 and Firre ( Figures S4D and S5A ), two repeat-associated loci that together form a ''super-loop '' (Rao et al., 2014; Yang et al., 2015; Darrow et al., 2016) . Thus, TADs appear attenuated but not lost on the Xi. The higher sensitivity of in situ Hi-C (Nagano et al., 2015) may explain why they were missed in previous studies. Next, we asked if Smchd1 ablation affects TAD strength. Whereas no obvious effects were observed on the Xa, TADs were quantifiably strengthened on the Xi ( Figures 5A, 5C , S4C, S4D, and S5A). Cumulative distribution plots (CDPs) for insulation scores showed that, while the Xa and Xi of WT cells had distinct profiles, these profiles became more similar in Smchd1 À/À cells ( Figure 5B ). CDPs comparing WT versus
Smchd1
À/À cells also showed a statistically significant difference for the Xi (p = 1.4 3 10 À10 , Figure 5C ), with the slope of Figure 5D ). Deviations in insulation scores were greatest for class I regions ( Figures 5A, S4C , and S5A), as supported by (D) Figure S3 . (legend continued on next page) a shallower cumulative distribution curve for class I regions ( Figure 5E ) and greater differences in insulation scores (D insulation score, Figure S4E ). Additionally, non-class I regions also showed strengthened TADs ( Figures 5E and S4E) , with the exception of escapees. Thus, depleting SMCHD1 leads to an Xi-specific strengthening of TADs. SMCHD1 therefore controls TAD strength in an Xi-specific manner.
SMCHD1 Repels Binding of Architectural Proteins on the Xi
Cohesins and CTCF are critical for TAD formation (Dixon et al., 2012; Ong and Corces, 2014; Rao et al., 2017) . To determine if cohesin and CTCF binding is affected by SMCHD1, we performed allele-specific ChIP-seq. In WT cells, a majority of CTCF and RAD21 (a cohesin subunit) peaks were bi-allelic (Calabrese et al., 2012; Minajigi et al., 2015; Berletch et al., 2015) , but peaks were typically taller on the Xa (Figures 5F and S5B). In Smchd1 À/À cells, CTCF and RAD21 exhibited increased binding to the Xi (Figures 5F and S5B). Probability density distributions showed a significant right-shift of Xi-binding (%mus; Figure 5G ), and scatterplots showed an upward shift in Xi-binding in Smchd1 À/À cells ( Figures S5C and S5D ). Minimal differences were observed in autosomal binding (chr13 shown, Figures 5G, S5C, and S5D). Thus, SMCHD1 strongly influences binding of architectural factors to the Xi. We noted that effects differed for class I, II, and III regions (p < 0.001, one-way ANOVA). Class I genes showed greater change than escapees, class III, and silent genes (p < 0.03) (Figure 5H ), although significant changes could still be observed to varying degrees for all classes of genes (p < 0.001), excepting escapees ( Figure 5H ). These findings are consistent with general effects on TAD strength for all gene classes ( Figure S4E ). TAD strengthening was associated with increased CTCF binding at boundaries ( Figure S4F ), consistent with CTCF's role in demarcating TAD borders (Sanborn et al., 2015) . Increased CTCF binding was also detected in most intergenic regions of the Xi (p < 0.025) ( Figure S5E ). Finally, we integrated Xist CHART and CTCF/RAD21 ChIP datasets and found that Xist/H3K27me3 depletion was not required for increased CTCF/RAD21 binding (Figures S5F and S5G) . We conclude that SMCHD1 suppresses CTCF and cohesin binding on a pan-Xi scale, with strongest effects seen in regions containing class I genes.
SMCHD1 Bridges S1 and S2 Compartments on the Xi
If SMCHD1 regulates Xi organization by merging S1/S2 compartments as we propose, we would predict a binding pattern that bridges S1 and S2. Genomic binding maps are typically produced by ChIP-seq, but SMCHD1 has been refractory to this method, possibly because of the protein's large size (>220 kDa) and indirect contact with DNA. A recent SMCHD1 ChIP-seq study in male mouse cells reported high background (Chen et al., 2015) . After multiple unsatisfactory attempts of our own, we turned to DamID, whereby a protein of interest is fused to bacterial adenine (A) methyltransferase (Dam) and genomic regions in close proximity to the protein of interest become marked by A-methylation, which can subsequently be identified by differential sensitivity of restriction enzymes to A-methylation (Vogel et al., 2006) . We fused SMCHD1 to Dam Figure S6H ). There were also no obvious differences between class I and III genes ( Figure 6F ). However, SMCHD1 appeared mildly more enriched in S2 compartments, while Xist and H3K27me3 were more enriched in S1, although there was considerable overlap in S1 and S2 distributions ( Figure 6G ). We conclude that SMCHD1 bridges S1 and S2 compartments, consistent with a role in merging them. S1/S2 Compartments Are Intermediate Xi Structures during De Novo XCI So far, S1/S2 compartments were only observed in the Smchd1-ablated ''pathological'' state. Because SMCHD1 recruitment is a late-stage event (Gendrel et al., 2012) , we investigated whether S1/S2 occurred naturally but only transiently during XCI-prior to SMCHD1 binding. We carried out an allele-specific Hi-C 
SMCHD1
Xist H3K27me3 S1 S2 S1 S2 S1 S2 Figure S7A ), but unique structures appeared during XCI ( Figure 7A ). Between D4-D7, Xi compartments became stronger, evidenced by stronger checkerboard patterns on Pearson correlation maps ( Figure 7A , lower panels). The intensified pattern disappeared in post-XCI cells ( Figure 7A , right, WT NPC).
Principle component analysis showed a striking resemblance to S1/S2 compartments ( Figure 7B ). Between D4-D7, smallerscale A/B compartments were merged to create broader S1/ S2-like compartments ( Figure 7B , red and blue arrows). The transient compartments in ES cells showed high correlation with S1/ S2 structures of Smchd1 À/À NPCs (r = 0.73) ( Figure 7B ). Their resemblance was further supported by hierarchical clustering analysis ( Figure S7C ). Importantly, during this intermediate stage (D4-D7), immuno-RNA-FISH showed that the Xist cloud had already formed but SMCHD1
had not yet been recruited to the Xi ( Figure S6I ). This intermediate stage thereby simulates the Smchd1 À/À state that originally revealed the S1/S2 structures.
The S1/S2 transformation was not observed on the Xa ( Figures  S7A and S7B ). The large-scale compartment merging to create S1/S2 is therefore distinct from ''A/B compartment switching,'' a reorganization reported for other chromosomes during differentiation (Dixon et al., 2015) . Interestingly, newly appeared S1 compartments of D4-D7 cells coincided with initial spreading of Xist RNA into generich regions (r = 0.91, Figure 7B ). During XCI, Xist is known to spread across the Xi via a two-step mechanism, initially targeting gene-rich regions (''early domains'') before spreading to gene-poor ''late domains' ' (Simon et al., 2013) . We wondered if SMCHD1 might facilitate Xist spreading from S1 (early) into S2 (late) domains. By comparing Xist and H3K27me3 coverages between S1 and S2 compartments, we found that Smchd1 ablation caused a significantly widened gap in Xist/H3K27me3 densities between S1 and S2, in two biological replicates ( Figure S6J ). Xist and H3K27me3 accumulated more in S1 compartments when SMCHD1 was deficient. Deeper valleys in Xist coverage were observed at S2 regions ( Figure 7B , comparing the Xist track in Smchd1 À/À to WT NPCs). Thus, failure to recruit SMCHD1 during XCI compromises the spreading of Xist RNA into S2 or ''late domains'' of the Xi. We conclude that S1/S2 compartments are natural states during XCI, forming transiently as Xist RNA initially spreads across the Xi prior to SMCHD1 localization.
DISCUSSION
Here, we have discovered a hidden layer of Xi organization. During de novo XCI, A/B compartments are first remodeled into S1/S2 compartments as Xist RNA initially spreads through the Xi ( Figures 7C and S7D ). When SMCHD1 is recruited at a later stage (Gendrel et al., 2012) , S1/S2 compartments are merged together to create a ''compartment-less'' structure (Figures 4 and 7). Such a stepwise mechanism is consistent with how Xist RNA spreads. The Xist locus and the nucleation site reside in an A compartment ( Figure 7B ) (Jeon and Lee, 2011). Through ''phase separation,'' chromatin compartments tend to selfassociate and spatially co-segregate (Hnisz et al., 2017; Larson et al., 2017; Strom et al., 2017) . In this way, Xist could co-segregate with gene-rich regions located in other A compartments. Through proximity transfer, newly synthesized Xist transcripts could then spread to these ''early domains'' first (Simon et al., 2013) , explaining the strong correlation between A compartments and ''early domains'' (r = 0.79) ( Figure 7B ). Interestingly, a majority of A compartments (76%-87%) become remodeled into S1 compartments ( Figure 7B ). Furthermore, S1/S2 compartments sometimes resemble fusions of several consecutive A/B compartments ( Figure 7B , dotted arrows). We speculate that, when Xist spreads from A to adjoining B compartments, S1 and S2 structures are formed. The creation of S1/S2 structures does not require SMCHD1, as SMCHD1 is not enriched on the Xi during this transitional stage. However, the final architectural transformation cannot be completed without SMCHD1. SMCHD1 binds and bridges S1 and S2 compartments to create the ''compartment-less'' state ( Figures 4 and 7D ). Thus, whereas Xist RNA fuses A/B into S1/S2 compartments, SMCHD1 merges S1/S2 ( Figure 7D ). Failure to merge S1/S2 compartments is functionally significant, as regional Xist spreading becomes compromised ( Figure 3 ) and $43% of genes normally subject to XCI cannot be properly heterochromatinized or silenced (Figures 1 and 2 ). Xist spreading may thereby occur in two phases. In phase 1, Xist spreads from early (A compartments) to late domains (B compartments) to form S1/S2 compartments on a global scale. In phase 2, Xist depends on SMCHD1 to maintain binding to local regions within a compartment-less structure. In addition to merging compartments, SMCHD1 works together with Xist to weaken TADs. Without SMCHD1, CTCF and cohesin binding remains strong on the Xi, coincident with globally strengthened TADs ( Figure 5 ). The idea that SMCHD1 suppresses TADs by repelling other architectural proteins is especially appealing given suggested antagonism between SMCHD1 and CTCF on chromatin (Chen et al., 2015) . Within the context of our stepwise folding model, we posit that the tendency to form compartments and TADs is not erased. These structures appear to be actively attenuated in a multi-step process-akin to ''origami,'' where layer upon layer of folding mechanisms are superimposed for a desired shape. Interestingly, the human Xi harbors two types of heterochromatin domainsone enriched with XIST RNA/H3K27me3 and the other with H3K9me3 (Chadwick and Willard, 2004; Nozawa et al., 2013 )-and they create partitions in a Hi -C map (Darrow et al., 2016) . These partitions may correlate with our S1/S2 compartments, (E) and SMCHD1 may indeed bridge them as well on the human Xi (Nozawa et al., 2013) . Finally, the impact of SMCHD1 on chromosome conformation appears distinct from that of canonical architectural proteins. CTCF and cohesins drive formation of TADs but are dispensable for (CTCF) or even interfere with (cohesins) chromosome compartmentalization (Haarhuis et al., 2017; Nora et al., 2017; Rao et al., 2017; Schwarzer et al., 2017) . SMCHD1 is unusual both for its role in diminishing (rather than reinforcing) architectural structures and for concordant effects on compartments and TADs. The unmasking of S1/S2 compartments by loss of SMCHD1 is reminiscent of cohesin depletion in revealing finer compartment structures (Rao et al., 2017; Schwarzer et al., 2017) . Cohesins may antagonize phase separation by facilitating chromatin looping between different compartments. Given that SMCHD1 resembles SMC proteins, we posit that SMCHD1 promotes chromatin mixing by mediating random chromatin interactions that span the boundaries of existing structures, thereby blurring compartments and TADs ( Figure 7D ). This idea is supported by the nearly homogeneous distribution of SMCHD1 on the Xi, contacting both S1 and S2 compartments ( Figure 6 ). With its ATPase domain (Brideau et al., 2015; Chen et al., 2016) , SMCHD1 might serve as Xist's engine to drive attenuation of both compartments and TADs to complete the final Xi transformation. Future work will test our stepwise folding Origami Model.
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METHOD DETAILS
Generation of Smchd1 À/À female ES cells using CRISPR-Cas9
Smchd1
À/À ES cell lines were generated by transfecting Tsix TST/+ female ES cells with a mixture of two plasmids (PX461; 48140, Addgene) expressing Cas9 D10A nickase, EGFP, and a pair of guide RNAs (Ran et al., 2013) targeting the first exon of Smchd1 using Lipofectamine LTX & Plus Reagent (15338100, Thermo Fisher Scientific). This ''double nicking'' strategy has been shown to minimize off-target effects (Ran et al., 2013) . To further control for off-target effects, two different pairs of guide RNAs were used (pair 1: CTTGTTTGACCGGCGCGGGA, CACCGTCCTACAGCCGTCGA; pair 2: GGGAGAGATGGCGCCGTCGA, CGAGAGGCCGGCGGGA TCGC) (Table S1 ). Wild-type (WT) ES lines were generated by transfecting Tsix TST/+ ES cells with PX458 expressing only Cas9 D10A nickase and EGFP. 24 hr after transfection, ES colonies were dissociated and transfected cells were sorted by EGFP into 96-well plates, with one cell plated in each well. ES clones were screened by western blot using an antibody against SMCHD1 (Sigma, HPA039441). We validated this antibody in detecting murine SMCHD1 on western blot by siRNA-mediated knockdown of SMCHD1 in \MEFs using Smchd1 siRNA (Dharmacon, L-040501-01-0005) and scramble control siRNA (Dharmacon, D-001810-10-05). Smchd1 À/À clones were further verified by the presence of frameshifting mutations detected by Sanger sequencing of the CRISPR-targeted region, which was PCR amplified from genomic DNA and cloned into a TOPO-TA vector. Primers are listed in Table S1 .
Derivation of neural progenitor cells from ES cells
Neural progenitor cells (NPCs) were derived from WT and Smchd1 À/À female ES cells and cultured using a protocol from the lab of Dr. Fred H. Gage. Briefly, undifferentiated ES cells were trypsinized and feeders were removed. 4 million ES cells were suspended in 20mL ES media without LIF for 1 day to trigger the formation of embryoid bodies on a 10-cm low-attachment culture dish. The next day, embryoid bodies were spun down at 1000 rpm for 2 min and incubated in 10mL N2 media [DMEM/F-12, GlutaMAX supplement (10565018, Thermo Fisher Scientific), 1X N2 supplement (10565018, Thermo Fisher Scientific), 1X B27 supplement (17504044, Thermo Fisher Scientific), 1X Pen/Strep (15140163, Thermo Fisher Scientific)] supplemented with 500ng/mL NOGGIN (120-10C, Peprotech) for 4 days, with media changed every other day. Embryoid bodies from $1/40 of the culture were then plated on 1 well of poly-L-ornithine (0.001%) and laminin (1 mg/mL) coated 6-well plates with 2.5mL N2 media supplemented with 20ng/mL FGF2 (233-FB-025, Fisher Scientific) and 1 mg/mL laminin (23017015, Thermo Fisher Scientific) for 5 days, with media changed every other day. Neural rosettes were then picked manually and maintained in N2 media supplemented with 20ng/mL FGF2, 20ng/mL EGF (AF-100-15, Peprotech), 1 mg/mL laminin, and 10 mg/mL heparin (H3149-100KU, Sigma). The identity and homogeneity of NPCs were verified by RT-PCR and immunostaining for NESTIN (Abcam, ab6142) and SOX2 (Cell Signaling, 2748). PCR primers are listed in Table S1 . Primers for Emx2, Olig2, and Blbp have been described (Conti et al., 2005) . Because Smchd1 À/À NPCs showed a heightened tendency to become XO aneuploidy during differentiation, we isolated subclones that retained two X chromosomes. NPCs were immortalized by SV-40 T-antigen and plated at clonal density. NPC colonies were then picked manually and Xist RNA-FISH was used to identify the XX clones (> 95% cells exhibiting one Xist cloud). For RNA-seq, we analyzed two WT (WT clone1 and clone2) and two Smchd1 À/À clones (Smchd1 À/À clone1, generated by guide RNA pair 1, and Smchd1 À/À clone2, generated by guide RNA pair 2). For ChIP-seq, CHART-seq, and in situ Hi-C, WT clone1 and Smchd1 À/À clone1 were analyzed. Xist RNA-FISH, DNA-FISH, and SMCHD1 Immunostaining For sequential SMCHD1 immunostaining and Xist RNA-FISH on \fibroblasts, cells were grown overnight on glass coverslips coated with 0.2% gelatin. Cells were rinsed in chilled PBS for 5 min three times, pre-extracted with CSKT buffer (100mM NaCl, 300mM sucrose, 10mM PIPES, 3mM MgCl 2 , 0.5% Triton X-100, pH 6.8) supplemented with 10mM ribonucleoside vanadyl complex (VRC; S1042S, NEB) for 10 min on ice, and fixed with chilled 100% methanol at À20 C for 10 min. After fixation, cells were washed with chilled PBS for 5 min, further permeabilized by CSKT with 10mM VRC for 10 min on ice, followed by three washes with chilled PBS for 5 min. After being blocked with 5% normal goat serum (PCN5000, Thermo Fisher Scientific) and 0.6 unit/mL Protector RNase Inhibitor (3335402001, Sigma) in PBS at room temperature for 1 hr, cells were incubated with rabbit polyclonal SMCHD1 antibodies (HPA039441, Sigma, 1:200) in antibody dilution buffer (5% normal goat serum, 0.6U/mL Protector RNase Inhibitor, and 0.2% Tween-20 in PBS) at room temperature for 1 hr, washed with PBST (PBS with 0.2% Tween-20) for 5 min three times, and incubated with secondary antibody at room temperature for 1 hr. Three 5-min PBST washes were then performed, followed by re-fixation in 4% paraformaldehyde (15713, Electron Microscopy Sciences) in PBS at room temperature for 10 min and two 5-min washes in PBS. Cells were then dehydrated by sequential incubation with 70%, 80%, 90%, and 100% ethanol for 3 min and air-dried. RNA-FISH was performed with 40ng of Xist probes (nick-translation of the pSx9-3 plasmid) in 10 mL hybridization buffer [2X SSC, 50% formamide, 10% dextran sulfate, 100ng/mL mouse Cot-1 DNA (18440016, Thermo Fisher Scientific)] at 37 C overnight. Prior to hybridization, probes were denatured in hybridization buffer at 95 C for 10 min and pre-annealed at 37 C for 30 min. After being washed three times in 2X SSC at room temperature for 10 min, cells were mounted with Vectashield mounting media with DAPI (H-1200, Fisher Scientific). Images were acquired with a Nikon Eclipse 90i microscope and a Hamamatsu CCD camera. Image analysis was performed using Volocity (Perkin-Elmer).
EB differentiation of ES cells
For RNA-and DNA-FISH, 1-2 3 10 5 mouse ES cells or NPCs were affixed by cytospinning (''cytospun'') onto glass slides at 1000 rpm for 10 min. After air-drying the slides, cells were rinsed with chilled PBS for 5 min, pre-extracted with CSKT for 10 min on ice, followed by fixation with 4% paraformaldehyde in PBS at room temperature for 10 min, and stored at 4 C in 70% ethanol. To prepare slides for FISH, cells were dehydrated with graded series of ethanol and air-dried. For RNA-FISH, cells were incubated with 40ng probes at 37 C overnight. For DNA-FISH, cells were treated with 400 mg/mL Purelink RNaseA (12091021, Thermo Fisher Scientific) in PBS at 37 C for 40 min and rinsed once with PBS. To denature DNA, cells were incubated with 70% formamide in 2X SSC at 80 C for 10 min and quenched in 70% ethanol, which had been pre-chilled at À20 C, for 5 min. Cells were then dehydrated again with ethanol series before 40ng probes were added for hybridization. Probes for Xist, Mecp2, Atrx and Tmem39a were generated by nick translation of pSx9-3, fosmid WIBR1-1417J09, BAC RP23-377P8 and fosmid WIBR1-2543D17, respectively. Prior to hybridization, probes were denatured in hybridization buffer at 95 C for 10 min and pre-annealed at 37 C for 30 min. Following hybridization, cells were washed with 2X SSC plus 50% formamide at 37 C for 20 min once, 2X SSC for 5 min at 37 C three times, and mounted with Vectashield mounting media with DAPI.
For sequential H3K27me3 immunostaining and Xist RNA-FISH on NPCs, 1.5 3 10 5 dissociated NPCs were cytospun onto glass slides at 1000 rpm for 10 min. After air-drying the slides, cells were rinsed with chilled PBS for 5 min, pre-extracted with chilled CSKT for 2 min on ice, followed by fixation with 4% paraformaldehyde in PBS at room temperature for 10 min, and stored at 4 C in 70% ethanol. To prepare slides for immunostaining, cells were dehydrated with graded series of ethanol, air-dried, rehydrated with PBS for 5 min and permeabilized with 0.5% Triton in PBS for 10 min. Permeabilized cells were washed with PBS for 5 min three times and blocked with 5% normal goat serum and 0.6 unit/mL RNasin Plus RNase Inhibitor (N2615, Promega) in PBS at room temperature for 30 min. Blocked cells were incubated with rabbit monoclonal H3K27me3 antibodies (GTX60892, GENETEX, 1:3000) in antibody dilution buffer at room temperature for 1 hr, washed with PBST for 5 min three times, and incubated with secondary antibodies at room temperature for 1 hr. Three 5-min washes with PBST were then performed, followed by re-fixation in 4% paraformaldehyde in PBS at room temperature for 10 min and two washes in PBS for 5 min. Cells were then dehydrated by sequential incubation with 70%, 80%, 90%, and 100% ethanol for 3 min and air-dried. Xist RNA-FISH was performed using nick translation of pSx9-3 as described above.
For sequential SMCHD1 immunostaining and Xist RNA-FISH on EBs, 2 3 10 5 dissociated cells were cytospun onto glass slides at 1000 rpm for 10 min. After air-drying the slides, cells were rinsed with chilled PBS for 5 min, pre-extracted with chilled CSKT for 2 min on ice, followed by fixation with 4% paraformaldehyde in PBS at room temperature for 10 min, and stored at 4 C in 70% ethanol. To prepare slides for immunostaining, cells were dehydrated with graded series of ethanol, air-dried, rehydrated with PBS for 5 min, incubated with 100% methanol at À20 C for 10 min, washed with PBS for 5 min twice, and permeabilized with 0.5% Triton in PBS for 10 min. Permeabilized cells were washed with PBS for 5 min three times, blocked, incubated with rabbit polyclonal SMCHD1 antibodies (HPA039441, Sigma, 1:200) for 1 hr, and washed with PBST for 5 min three times. Cells were then incubated with secondary antibodies at room temperature for 1 hr, washed again with PBST three times for 5-min, followed by re-fixation in 4% paraformaldehyde in PBS at room temperature for 10 min, and two washes in PBS for 5 min. Cells were then dehydrated by graded series of ethanol and air-dried. Xist RNA-FISH was performed as described (Del Rosario et al., 2017) , with 10ng Xist oligonucleotide probes in 10 mL hybridization buffer [2X SSC pH 7.0, 30% formamide, 10% dextran sulfate, 100ng/mL mouse Cot-1 DNA (18440016, Thermo Fisher Scientific)] at room temperature in a dark humidified chamber for 2 hr. Xist probes are listed in Table S1 and have been described (Del Rosario et al., 2017) . Prior to hybridization, probes were denatured in hybridization buffer at 80 C for 5 min and pre-annealed at 37 C for 30 min. Following hybridization, Slides were washed with 2X SSC, 30% formamide for 5 min on a shaker four times, followed by washes with 2X SSC for 5 min three times. After washes, slides were air-dried and mounted with Vectashield mounting media with DAPI.
For sequential V5-tag immunostaining and Xist RNA-FISH on MEFs expressing Dam fusion proteins, cells were grown overnight on glass coverslips coated with 0.2% gelatin. Cells were rinsed in chilled PBS for 5 min three times, pre-extracted with CSKT buffer supplemented with 10mM VRC for 10 min on ice, and fixed with chilled 4% paraformaldehyde in PBS at room temperature for 10 min. After fixation, cells were washed with chilled PBS for 5 min, further permeabilized by CSKT with 10mM VRC for 10 min on ice, followed by three washes with chilled PBS for 5 min. After being blocked with 5% normal goat serum and 0.6U/mL Protector RNase Inhibitor in PBS at room temperature for 1 hr, cells were incubated with mouse monoclonal polyclonal V5-tag antibodies (MCA1360, AbD Serotec, 1:200) in antibody dilution buffer at room temperature for 1 hr. Secondary antibody incubation and Xist RNA-FISH were performed as described above for fibroblasts.
RNA-sequencing analysis of wild-type and Smchd1
À/À NPCs RNA-seq libraries were generated as described previously (Minajigi et al., 2015) . Briefly, total RNA was extracted using TRIzol (15596018, Thermo Fisher Scientific), with ribosomal RNA depleted with RiboMinus Eukaryote Kit v2 (A15020, Thermo Fisher Scientific) and genomic DNA depleted with TURBO DNase (AM2239, Thermo Fisher Scientific). 30-100ng ribosomal RNA-depleted RNA were fragmented in RT buffer at 94 C for 10 min, followed by random-primed first strand cDNA synthesis with SuperScript III Reverse Transcriptase (18080085, Thermo Fisher Scientific) in the presence of actinomycin D (11805017, Thermo Fisher Scientific) at 50 C for 30 min. Secondary strand synthesis was performed using NEBNext mRNA Second Strand Synthesis Module (E6111S, NEB) supplemented with dUTP. Double-strand cDNAs were purified with 1.8X Agencourt AMPure XP beads (A63881, Beckman Coulter). Libraries were constructed with NEBNext ChIP-Seq Library Prep Master Mix Set for Illumina (E6240S, NEB). RNA-seq was performed in two biological replicates. All libraries were sequenced with Illumina HiSeq, generating 43-59 millions paired-end 50 nucleotide reads per sample.
Analysis of RNA-seq datasets in wild-type and Smchd1
À/À NPCs RNA-seq reads were aligned allele-specifically to 129S1/SvJm (mus) and CAST/Eih (cas) genome using TopHat2 (Kim et al., 2013) as previously described (Minajigi et al., 2015) . After removal of PCR duplicates, all unique reads mapped to the exons of each gene were quantified by Homer (Heinz et al., 2010) . The normalized differential expression analyses were performed by DESeq (Anders and Huber, 2010). Differentially expressed genes were called if the associated adjusted p value was less than 0.05. To compare the fold changes of autosomal and X-linked genes, only genes with fragments per kilobase of transcript per million mapped exonic reads (FPKM) > 0.1 were considered. For allele-specific analysis, we defined %mus as the percentage of mus-specific exonic reads in all allele-specific (mus-specific + cas-specific) exonic reads of each transcript. For classification of X-linked genes, we defined active genes as genes having non-zero FPKM in all samples. Allelically distinguishable genes were defined as active genes that had a minimum of 13 allele-specific reads in all samples (Pinter et al., 2015) . It has been described that a small fraction of genes overlap with incorrectly annotated SNPs and produce unexpected allelic skewing (Calabrese et al., 2012; Pinter et al., 2015) . These genes were identified by analyzing a published RNA-seq dataset of \ tail-tip fibroblasts (TTF) from pure Mus castaneous background (GSE58524) (Pinter et al., 2015) and the RNA-seq data of an X cas O NPC clone we derived in this study. Allelically distinguishable genes having %mus greater than 9.09% in either the pure cas TTFs or the X cas O NPC clone were considered as genes with miscalled SNPs.
After excluding these genes, we defined escapees as allelically distinguishable genes whose expression from the Xi was greater than 10% of the expression from the Xa in at least one biological replicate of at least one WT clone. Genes subject to XCI (Xi genes) were defined as allelically distinguishable genes that were not genes with miscalled SNPs or escapees. SMCHD1-sensitive genes were defined as Xi genes with %mus in an Smchd1 À/À clone that was 3-fold higher than the %mus in both WT clones and greater than 9.09% in both biological replicates. SMCHD1-insensitive genes were defined as Xi genes that were not SMCHD1-sensitive genes.
To analyze the genomic distribution of different classes of X-linked genes, we segmented the X into 500-kb bins and assigned each X-linked gene to these bins based on their TSS. The number of genes in each bin was counted and plotted as histograms. To visualize RNA-seq coverage, we generated strand-resolved fragments per million (fpm)-normalized bigWig files for all (comp), mus-specific (mus), and cas-specific (cas) reads separately, which were displayed using Integrative Genomics Viewer (IGV) with scales indicated in each track.
ChIP-sequencing of H3K4me3, H3K27me3, CTCF, and RAD21 NPCs were cross-linked in PBS with 1% formaldehyde at room temperature for 10 min at 2 million cells/mL and quenched with 0.125M glycine at room temperature for 5 min. Cross-linked cells were washed three times with chilled PBST (1X PBS with 0.05% Tween-20) before snap-frozen in liquid nitrogen. 20 million cross-linked cells were thaw on ice for 15 min, resuspended in 2mL Buffer 1 [50mM HEPES pH7.5, 150mM NaCl, 1mM EDTA, 0.5% Nonidet P-40, 0.2% Triton X-100, 1X cOmplete EDTA-free Protease Inhibitor Cocktail (PIC; 11873580001, Sigma)], and rotated at 4 C for 10 min. Nuclei were pelleted by centrifugation at 1700 g for 5 min at 4 C, resuspended with 2mL Buffer 2 (10mM Tris pH 8.0, 200mM NaCl, 5mM EDTA, 2.5mM EGTA, 1X PIC) supplemented with 40 mL Purelink RNaseA (12091021, Thermo Fisher Scientific), and incubated for 15 min with rotation at 4 C. Nuclei were then pelleted again by centrifugation at 1700 g for 5 min at 4 C, resuspended with 980 mL Buffer 3 (10mM Tris pH 8.0, 5mM EDTA, 2.5mM EGTA, 1X PIC) supplemented with 10 mL 20% SDS, and incubated for 15 min with rotation at 4 C. Following incubation, nuclei were transferred to a 1mL Covaris milliTUBE with AFA fiber and sonicated for 21 min using Covaris E220e (140W peak incident power, 5% duty factor, 200 cycles/burst). Sonicated chromatin was mixed at 1:1 ratio with 2X IP buffer (30mM Tris pH 8.0, 300mM NaCl, 2% Triton X-100, 0.5% N-lauroylsarcosine, 1X PIC) and centrifuged at full speed for 30 min at 4 C to remove insoluble debris. 40 mL supernatant was set aside as the input sample. For ChIP, 400 mL supernatant was further diluted by mixing with 400 mL 1X IP buffer (1:1 mixture of Buffer 3 and 2X IP buffer), before incubating with antibodies overnight with rotation at 4 C. Antibodies used were: a-H3K4me3 (2.5 mL; Millipore 17-614), a-H3K27me3 (5 mL; Millipore 07-449), a-CTCF (5 mL; Cell Signaling, 2899S), a-RAD21 (5 mL; Abcam ab992), and normal rabbit IgG (2729S, Fisher Scientific), which served as a negative control. Following overnight incubation, chromatin was mixed with 30 mL Dynabeads Protein G (10004D, Thermo Fisher Scientific), which had been washed three times in 1X IP buffer (15mM Tris pH8.0, 150mM NaCl, 1% Triton X-100, 0.25% N-lauroylsarcosine, 2.5mM EDTA, 1.25mM EGTA, 1X PIC), and incubated for 2 hr with rotation at 4 C. Beads were then washed with 1mL 1X IP buffer once, 1mL wash buffer [for H3K4me3, H3K27me3, and CTCF: 50mM HEPES pH 7.5, 500mM LiCl, 1mM EDTA, 1% Nonidet P-40, 0.7% sodium deoxycholate, 1X PIC; for RAD21: 50mM HEPES pH 7.5, 250mM LiCl, 1mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1X PIC] six times, and 1X TEN buffer (10mM Tris pH 8.0, 50mM NaCl, 1mM EDTA) once. Beads were then incubated with 200 mL TES buffer (50mM Tris pH 8.0, 1% SDS, 10mM EDTA) at 65 C for 30 min with intermittent vortex. The supernatant, which contained ChIP-enriched chromatin, was separated from the beads by a magnet and incubated at 65 C overnight, together with input controls. After cross-link reversal, input and ChIPenriched chromatin was mixed with 200 mL TE and 4 mL RNase A (12091021, Thermo Fisher Scientific) at 37 C for 2 hr, followed by addition of 4 mL Proteinase K (03115844001, Sigma) and incubation at 55 C for 2 hr. Input and ChIP-enriched DNA was purified with phenol-chloroform and quantified with Quant-iT PicoGreen dsDNA Reagent (P7581, Thermo Fisher Scientific). To verify successful ChIP, ChIP-qPCR was performed for the following loci: Actb promoter (positive control for H3K4me3), Gata6 promoter (positive control for H3K27me3), H19 (positive control for CTCF and RAD21), and an intergenic region on chromosome 5 (negative control). Primers are listed in Table S1 . ChIP samples with the positive control locus at least 20-fold more enriched than the normal rabbit IgG control and the negative control locus were subject to sequencing. ChIP-seq was performed in two biological replicates. Input and ChIP-seq libraries were constructed using NEBNext ChIP-Seq Library Prep Master Mix Set for Illumina (E6240S, NEB) and sequenced on Illumina HiSeq, generating 27-48 millions paired-end 50 nucleotide reads per sample.
Analysis of H3K4me3, H3K27me3, CTCF, and RAD21 ChIP-seq datasets Input and ChIP-seq reads were aligned allele-specifically to 129S1/SvJm (mus) and CAST/Eih (cas) genome using NovoAlign as described (Minajigi et al., 2015) . After removing PCR duplicates, uniquely mapped reads were used for further analysis. To visualize ChIP-seq coverage, we generated fpm-normalized bigWig files from ChIP-seq reads for all uniquely mapped (comp), mus-specific (mus), and cas-specific (cas) reads separately, which were displayed using IGV with scales indicated in each track. To compare the distribution of Xi heterochromatin between WT and Smchd1 À/À , H3K27me3 ChIP-seq tracks were further scaled based on the total number of ChIP-seq reads mapped to the X.
The %mus of H3K4me3 at the promoter of each gene was defined as the percentage of mus-specific ChIP-seq reads in all allelespecific ChIP-seq reads mapped to the promoter [-1kp to +2kb from the transcription start site (TSS)]. Only genes with a minimum of 13 allele-specific ChIP-seq reads mapped to the promoter in both WT and Smchd1 À/À NPCs were considered allelically distinguishable and included in the analysis. H3K27me3 enrichment of each gene was calculated by dividing the number of ChIP-seq reads (comp) by input reads (comp) mapped to the gene body in count-normalized input and ChIP datasets. To compare H3K27me3 enrichment on the X chromosome between WT and Smchd1
, we scaled them based on the total number of H3K27me3 ChIP-seq reads mapped to the X.
Using the expression profiles and chromatin signatures, we defined 6 classes of X-linked genes. We first filtered out X-linked genes that were too short (< 200bp) and genes embedded within the gene body of a longer gene. Silent genes were defined as X-linked genes having zero FPKM in at least one RNA-seq sample. Constitutive escapees were defined as active (not silent) X-linked genes with bi-allelic (%mus > 7%) allelically-distinguishable H3K4me3 peaks at promoters and H3K27me3-depleted gene bodies (H3K27me3 enrichment < 1) in WT cells. Class I genes To analyze the genomic distribution of different classes of X-linked genes, we segmented the X into 416 400-kb bins and assigned each X-linked gene to these bins based on their TSS. The number of genes in each bin was counted and plotted as histograms. The Pearson's correlation coefficient (r) was then computed to determine the relationship between the occurrence of Class I genes and gene density. Bins with no X-linked genes were excluded in the correlation analysis.
To analyze intergenic regions, we defined H3K27me3-depleted intergenic regions as intergenic regions at which the H3K27me3 enrichment in Smchd1 À/À < 0.3 3 H3K27me3 enrichment in WT. Intergenic regions that were too short (< 100bp) or unmappable (no reads in at least one input or H3K27me3 ChIP-seq libraries) were excluded from the analysis. For CTCF and RAD21 ChIP-seq, peaks were called by MACS2 using 0.01 as the q value cutoff. The peaks identified in WT and Smchd1 À/À NPCs were merged and the %mus of each peak was computed. Only peaks with a minimum of 13 allele-specific ChIP-seq reads in both WT and Smchd1 À/À were considered allelically distinguishable and included in the analysis. To identify TAD boundary-associated CTCF peaks, we used TAD boundaries defined in a previous study (Dixon et al., 2012) . Peaks were considered as boundary-associated if located within a ± 20kb window centered at the midpoint of each TAD boundary, as previously described (Dixon et al., 2012) . Tsix TST/+ mESC line is not fully hybrid. Therefore, for the autosomal control, we analyzed chromosome 13, which is fully hybrid.
Xist CHART-sequencing in wild-type and Smchd1
À/À NPCs Xist CHART-seq was performed as described (Simon et al., 2013) with modifications incorporated from Chromatin Isolation by RNA Purification (ChIRP) protocol (Chu et al., 2011 (Chu et al., , 2017 Zovoilis et al., 2016) . NPCs were cross-linked in PBS with 1% formaldehyde at room temperature for 10 min at 2 million cells/mL and then quenched with 0.125M glycine at room temperature for 5 min. Crosslinked cells were washed three times with chilled PBST (1X PBS with 0.05% Tween-20) before being snap-frozen in liquid nitrogen. 25 million cross-linked cells were thaw on ice for 10 min with 1mL chilled sucrose buffer (10mM HEPES pH7.5, 0.3M sucrose, 1% Triton X-100, 100mM potassium acetate, 0.1mM EGTA) supplemented with 0.5mM spermidine, 0.15mM spermine, 1mM DTT, 1X Protease Inhibitor Cocktail (11873580001, Sigma), 10U/mL SUPERaseIN RNase Inhibitor (AM2694, Thermo Fisher Scientific) freshly. After thawing, cells were resuspended by pipetting and incubated at 4 C for 10 min with rotation. 1mL cell suspension were then mixed with 2mL chilled sucrose buffer in a 15mL glass dounce tissue grinder (357544, Wheaton), which had been chilled on ice and rinsed once with RNaseZAP RNase Decontamination Solution (AM9782, Thermo Fisher Scientific), three times with DEPC-treated water, and once with 2mL sucrose buffer. To release nuclei, cells were dounced 20 times with a tight pestle. 10 mL dounced cells were mixed with 10 mL 0.4% Trypan blue (15250061, Thermo Fisher Scientific) on a glass slide and examined by a microscope to ensure complete release of nuclei. The nuclear suspension was then carefully layered on top of a cushion of 7.5mL chilled glycerol buffer (10mM HEPES pH7.5, 25% glycerol, 1mM EDTA, 0.1mM EGTA, 100mM potassium acetate) freshly supplemented with 0.5mM spermidine, 0.15mM spermine, 1mM DTT, 1X PIC, and 5U/mL SUPERaseIN, and centrifuged at 1500 g at 4 C for 10 min. Purified nuclear pellets were then resuspended with 3mL PBS and further cross-linked with 3% formaldehyde by mixing with 3mL cross-linking solution (1X PBS, 6% formaldehyde), followed by incubation at room temperature for 30 min with rotation. After the second cross-linking step, nuclei were pelleted again by centrifuge at 1000 g for 5 min at 4 C and washed three times with 1mL chilled PBST. Washed nuclei were resuspended in 1mL chilled nuclear extraction buffer (50mM HEPES pH 7.5, 250mM NaCl, 0.1mM EGTA, 0.5% N-lauroylsarcosine, 0.1% sodium deoxycholate, 5mM DTT, 10U/mL SUPERaseIN) and incubated at 4 C for 10 min with rotation. To harvest extracted nuclei, nuclear suspension was centrifuged at 400 g for 5 min at 4 C. Nuclei were then resuspended in 230 mL chilled sonication buffer (50mM HEPES pH 7.5, 75mM NaCl, 0.1mM EGTA, 0.5% N-lauroylsarcosine, 0.1% sodium deoxycholate, 0.1% SDS, 5mM DTT, 10U/mL SUPERaseIN) to reach approximately 270 mL final volume. Nuclei were sonicated in two 130 mL batches within a Covaris microTUBE, which had been rinsed with 100 mL sonication buffer and prechilled on ice, for 5 min with Covaris E220e (140W peak incident power, 10% duty factor, 200 cycles/burst). Sonicated chromatin was pooled and centrifuged at full speed for 20 min at 4 C. The supernatant ($220 mL) was then mixed with 110 mL sonication buffer to reach $330 mL final volume, which was then split into two CHART reactions (Xist capturing CHART and a negative control using sense probes).
For two CHART reactions, 600 mL MyOne Streptavidin C1 beads (65001, Thermo Fisher Scientific) were used, which were first rinsed with 1mL DEPC-treated H 2 O twice, blocked with 600 mL blocking buffer [33% sonication buffer, 67% 2X hybridization buffer, 500ng/mL yeast RNA (AM7118, Thermo Fisher Scientific), 1% BSA] at room temperature for 1 hr, washed with 1mL DEPC-treated H 2 O twice, and resuspended in 610 mL 1X hybridization buffer [33% sonication buffer, 67% 2X hybridization buffer (see below for the composition)]. For each CHART, 160 mL chromatin was mixed with 320 mL 2X hybridization buffer (50mM Tris-HCl pH 7.0, 750mM NaCl, 1% SDS, 1mM EDTA, 15% formamide, 1mM DTT, 1mM PMSF, 1X PIC, and 100U/mL SUPERaseIN) and precleared with 60 mL pre-blocked MyOne TM Streptavidin C1 beads at room temperature for 1 hr with rotation. Pre-cleared chromatin was separated form the beads, with two 5 mL aliquots saved as the input samples. The rest of chromatin ($500 mL) was mixed with 36pmol of either biotinylated Xist-targeting capture probes or sense control probes (antisense to the capture probes). We used a pool of 10 Xisttargeting capture probes, which were identical to the 11 Xist-targeting capture probes described previously (Simon et al., 2013) excluding probe X.8, which has sequences similar to a region on chromosome 1. Probes are listed in Table S1 . Hybridization was carried out at 37 C for 4 h followed by incubation with 240 mL blocked MyOne Streptavidin C1 beads at 37 C for 1 h. The beads were washed once with 1mL 1X hybridization buffer (33% sonication buffer, 67% 2X hybridization buffer) at 37 C for 10 min, five times with 1mL wash buffer (10mM HEPES pH 7.6, 150mM NaCl, 2% SDS, 2mM EDTA, 2mM EGTA, and 1mM DTT) at 37 C for 5 min, and twice with 1mL elution buffer (10mM HEPES pH7.6, 150mM NaCl, 0.5% NP-40, 3mM MgCl 2 , and 10mM DTT) at 37 C for 5 min. In the final wash, a 10 mL aliquot was saved from 1mL wash reactions as the ''RNA sample,'' which was later used to estimate the degree of Xist RNA enrichment by CHART. CHART-enriched DNA was eluted by 20 mL RNase H (5U/mL; M0297S, NEB) in 200 mL elution buffer twice at 37 C for 30 min. One input sample and the eluent were treated with 10 mL Purelink RNase A (20mg/mL; 12091-021, Thermo Fisher Scientific) at 37 C for 1h and then with 1% SDS, 10mM EDTA, and 10 mL proteinase K (20mg/mL; 03115844001, Sigma) at 55 C for 1h. Reversal of cross-link was performed by supplementing the eluent with 0.3M NaCl and incubation at 65 C overnight. CHART-enriched DNA was then extracted by phenol-chloroform, resuspended in 160 mL H 2 O, and quantified with Quant-iT PicoGreen dsDNA Reagent (P7581, Thermo Fisher Scientific). Quantitative PCR for the Xist (positive control) and Gapdh promoter (negative control) was then conducted to verify successful CHART. Primers are listed in Table S1 . Xist CHART experiments with the Xist promoter at least 50-fold more enriched than Gapdh promoter and at least 5-fold more enriched than the control CHART (using sense probes) were sequenced. Input and CHART-enriched RNA (the ''RNA sample'') were mixed with 240 mL PK buffer (10mM Tris pH7.0, 100mM NaCl, 1mM EDTA, 0.5% SDS) and 10 mL proteinase K (20mg/mL; 03115844001, Sigma), incubated at 55 C for 1 hr, and then 65 C for 1 hr to reverse cross-link. RNA was then extracted by 750 mL TRIzol LS (10296010, Thermo Fisher Scientific). RT-qPCR was performed to detect Xist RNA and Gapdh mRNA to ensure specific enrichment of Xist RNA. Primers are listed in Table S1 . To generate sequencing libraries, 100 mL input and CHART-enriched DNA were mixed with 30 mL TE buffer and further sheared to below 500bp in a Covaris microTUBE for 2 min with Covaris E220e (140W peak incident power, 10% duty factor, 200 cycles/burst). Sonicated DNA was purified using 1.8X Agencourt AMPure XP beads (A63881, Beckman Coulter). Libraries were prepared by NEBNext Ultra DNA Library Prep Kit for Illumina (E7370S, NEB), with double size selection (0.6X-1.2X Agencourt AMPure XP beads) performed after the adaptor ligation step. Experiments were performed in two biological replicates. Input and CHART-seq libraries were sequenced on Illumina HiSeq, generating 26-42 millions paired-end 50 nucleotide reads per sample.
Analysis of Xist CHART-seq datasets
Input and CHART-seq reads (enriched by either the Xist capture probes or the sense control probes) were aligned allele-specifically as described (Simon et al., 2013) . After removal of PCR duplicates, uniquely aligned reads were used to generate input-subtracted coverage profiles using SPP (Kharchenko et al., 2008) , with smoothing using 1-kb windows recorded every 500bp, as described previously (Simon et al., 2013) . Given that Xist RNA only coats the Xi (X mus ), we considered the number of X cas reads as an estimate of the background noise of each CHART experiment. Therefore, to compare the distribution of Xist between WT and Smchd1 À/À cells, we scaled the Xist coverage profiles produced by SPP based on the total number of X mus reads minus the total number of X cas reads. Scaled Xist coverage profiles were visualized by IGV, with scales indicated in each track. For metagene analysis, we generated SPP-normalized coverage profiles with smoothing using 2-kb windows recorded every 50bp, as described previously (Simon et al., 2013) and calculated average density from the scaled coverage profiles using CEAS (Ji et al., 2006) . To investigate the correlation of between Xist, H3K27me3, and H3K4me3 binding patterns, we segmented the X into 500-kb bins and computed their coverage at each bin. Pearson's correlation coefficients (r) were then calculated to compare their distributions. Unmappable regions (bottom $15% coverage, defined using Hi-C data) were excluded in the correlation analysis.
In situ Hi-C in wild-type NPCs, Smchd1
À/À NPCs, and differentiating female wild-type ES cells
In situ Hi-C was performed essentially as described (Nagano et al., 2015; Rao et al., 2014) with minor modifications outlined below. Briefly, 5 million cells were cross-linked with 1% formaldehyde for 10 min at room temperature. Cross-linked cells were lysed and the nuclei were digested with 15 mL HindIII (100 U/mL; R0104M, NEB) at 37 C overnight. We noticed that some clumps formed following overnight digestion, which were removed by brief spinning, with the supernatant transferred to a new tube for the fill-in reaction with biotin-14-dATP (19524016, Thermo Fisher Scientific) and subsequent ligation. Re-ligated DNA was purified and then sheared to 300-500bp in a Covaris microTUBE for 80 s with Covaris E220e (140W peak incident power, 10% duty factor, 200 cycles/burst). Double size selection was performed on sheared DNA using 0.55X-0.75X Agencourt AMPure XP beads (A63881, Beckman Coulter). Biotinylated ligation products were purified with 30 mL MyOne Streptavidin C1 beads (65001, Thermo Fisher Scientific), end-repaired, dA-tailed, ligated to 3 mL 15 mM NEBNext Adaptor for Illumina [enclosed in NEBNext Multiplex Oligos for Illumina (Index Primers Set 1); E7335S, NEB], and digested with 3 mL USER enzyme [also enclosed in NEBNext Multiplex Oligos for Illumina (Index Primers Set 1)] at 37 C for 15 min. Hi-C libraries were then amplified with 12-16 cycles of PCR. In situ Hi-C on WT and Smchd1 À/À NPCs was performed in two biological replicates, which were sequenced on Illumina HiSeq, generating 188-220 millions paired-end 50 nucleotide reads per sample. Hi-C libraries generated from D0 ES cells, D4 embryoid bodies, and D7 embryoid bodies were sequenced on Illumina HiSeq in a rapid run mode, generating 105-128 millions paired-end 50 nucleotide reads per sample.
Analysis of in situ Hi-C datasets in wild-type NPCs, Smchd1 À/À NPCs, and differentiating female wild-type ES cells
Hi-C reads were aligned allele-specifically as described (Minajigi et al., 2015) . Briefly, each end of the read-pairs was aligned separately as single-end reads to 129S1/SvJm (mus) and CAST/Eih (cas) genome using NovoAlign and allele-specificity was assigned.
The single-end alignments were joined to generate a Hi-C summary file. Allele-specific reads were filtered and Hi-C contact matrices were constructed using Homer (Heinz et al., 2010) . To increase depth, two biological replicates of WT and . Iterative correction of Hi-C matrices and construction of Pearson correlation matrices were performed using HiTC (Servant et al., 2012) . Unmappable regions, defined as bins with low read coverage (bottom $15%), were set to NA before iterative correction. Principle component analysis (PCA) was conducted using HiTC at 200-kb resolution and the compartment profiles (PC1 values) were visualized using IGV. Insulation scores and insulation boundary strength were generated from iteratively corrected 40-kb binned Hi-C matrices using the script matrix2insulation.pl (publically available on Github: https://github.com/dekkerlab/giorgetti-nature-2016) with parameters Àis 480000 Àids 320000 Àim iqrMean Ànt 0 Àss 160000 Àyb 1.5 Ànt 0 Àbmoe 0, as described in a recent study (Giorgetti et al., 2016) .
To compare the Hi-C profiles of WT and Smchd1 À/À NPCs with those of D0 ES, D4 EB, and E7 EB, we randomly sampled 50%
interactions from the Xa and Xi from replicate 1 and re-constructed the Hi-C contact maps, Pearson correlation maps, and PC1 profiles to account for different sequencing depths between libraries. We noted that the compartmentalization in the Hi-C dataset of D0 ES cells was less distinct, as shown by the weaker checkerboard pattern on the Pearson correlation maps constructed using allele-specific reads (X cas and X mus maps), which led to less well-defined A/B compartment profiles derived from PCA. Therefore, although we displayed the contact maps and Pearson correlation maps of D0 X cas and X mus , we used the compartment profiles of D0 ES cells generated using all reads mapped to the X chromosomes (the X comp map) in analyses. The D0 X comp compartment profiles provided better-defined A/B compartment borders to investigate the relationships between A/B and S1/S2 compartments. Importantly, the X comp compartment profiles of D0 ES cells should be representative of either the X cas or the X mus chromosome, as they are both active and folded similarly in D0 ES cells. For comparison, we also reanalyzed a deeply sequenced Hi-C dataset of undifferentiated female ES cells (Giorgetti et al., 2016) . Reads were downloaded from GEO (GSE48649) and aligned to the mm9 genome using bowtie2. The A/B compartment profiles were then similarly obtained at 200-kb resolution using HiTC. The resulting X chromosomal compartment profile is highly similar to our D0 ES X comp profile (r = 0.92). The hierarchical clustering analysis on compartment profiles was performed using the dist (method = ''euclidean'') and hclust (method = ''complete'') functions in R.
Xist binding patterns in undifferentiated (D0), day 3 (D3) and day 7 (D7) differentiating female mouse ES cells were downloaded from GEO (GSE48649). To investigate the correlation between PC1 values, Xist, H3K27me3, and H3K4me3 binding patterns, we segmented the X into 500-kb bins and computed the coverage at each bin. Pearson's correlation coefficients (r) were then calculated. Unmappable regions and regions where PC1 values were not computed were excluded in the correlation analysis. To investigate the relationships between the early domains of Xist spreading and the A compartments on the X chromosome in pre-XCI cells, we compared D3 Xist binding pattern with the PC1 values of D0 ES cells using three different datasets, which all showed a high correlation (D0 X comp , r = 0.79; D0 X mus , r = 0.70, Giogetti et al., r = 0.82). To calculate the genomic space (% length of the X chromosome) of each compartment, we used the PC1 values at 200-kb resolution, and defined each 200-kb bin with positive PC1 value as A/S1-compartments, with unmappable regions and regions where PC1 values were not computed excluded in the analysis. To investigate the relationship between X-linked gene classes and changes in chromosome conformation, the associated PC1 value and insulation score of each X-linked gene were determined by the bin containing the TSS of each gene. Genes associated with positive PC1 values were considered as residing in the A (Xa) or S1 (Smchd1 À/À Xi) compartments. Genes located in the left megadomains were defined as genes located in the first 73 Mb of the X chromosome.
To investigate the effect of Smchd1 ablation on spreading of Xist RNA from S1 (early domains) to S2 compartments (late domains), we computed the coverage density of scaled Xist CHART (comp) and H3K27me3 ChIP-seq (comp) profiles in WT and Smchd1
À/À at each 200-kb bin on the X chromosome. As regions harboring Class I genes showed Xist and H3K27me3 depletion, we excluded these regions by removing bins overlapping with the gene bodies of Class I genes and the centrometric end of Xist (0-30 Mb) from this analyses. We then computed the median coverage densities of S1 (bins with positive PC1 values on the Smchd1 À/À Xi) and S2 (bins with negative PC1 values on the Smchd1 À/À Xi), with unmappable regions and bins where PC1 values were not computed excluded. The S1-S2 gap was then computed by subtracting median Xist/H3K27me3 density of S2 from that of S1. Two biological replicates were analyzed to compute statistical significance using paired t test (one-sided).
DamID-sequencing analysis of SMCHD1 (Yildirim et al., 2011) . Thus, > 600,000 X-linked sequence polymorphisms between the X cas and X mus enabled us to generate allele-specific SMCHD1-binding maps of the Xa and the Xi. Starting one day after transfection, stably transfected cells were selected with 100ng/mL Zeocin (R25001, Thermo Fisher Scientific) for $10 days. Genomic DNA of stable lines was purified by DNeasy Blood and Tissue Kits (69506, QIAGEN), with the RNase A digestion step included. The presence of transgenes was confirmed by genomic PCR using primers listed in Table S1 . Methylated DNA was PCR-amplified as described (Vogel et al., 2006) . Briefly, 2.5 mg genomic DNA was digested by 10 units DpnI (R0176S, NEB) in 1X CutSmart buffer (B7204S, NEB) overnight at 37 C, followed by heat-inactivation of DpnI for 20 min at 80 C. 2.5 mg DpnI-digested DNA was ligated with 2 mM DamID adaptor [slowly annealed AdRt (CTAATACGACTCACTATAGGGCA GCGTGGTCGCGGCCGAGGA) and AdRb (TCCTCGGCCG)] using 5 units T4 ligase in 20 mL 1X T4 ligation buffer at 16 C overnight, followed by heat-inactivation of T4 ligase for 10 min at 65 C. 2.5 mg adator-ligated DNA was digested with 10 units DpnII (R0543S, NEB) in 50 mL 1X DpnII buffer for 1 hr at 37 C. Methylated DNA was PCR amplified using Advantage2 PCR enzyme system (639206, Takara Bio Corporation Div Clontech). Reaction consisted of 10 mL DpnII digested DNA, 5 mL 10X Advantage 2 PCR buffer, 0.625 mL 100 mM AdR_PCR (GGTCGCGGCCGAGGATC), 1 mL 50X dNTP mix, 1 mL Advantage 2 Polymerase mix, and 32.375 mL H 2 O, with the reaction program: 1 cycle of 68 C (10 min), 95 C (1 min), 65 C (5 min), 68 C (15 min); 4 cycles of 95 C (1 min), 65 C (1 min), 68 C (10 min); 18 cycles of 95 C (1 min), 65 C (1 min), 68 C (2 min). 5 mL PCR products were run on 1% agarose gel to verify successful amplification, with no ligase, no DpnI, and non-transfected cell controls yielding no visible PCR products. The remaining PCR products were purified using QIAquick PCR Purification Kit (28106, QIAGEN). To remove DamID adaptors, 15 mg purified PCR products were digested with 10 units DpnII in 150 mL 1X DpnII buffer at 37 C for 3 hr, followed by heat-inactivation of DpnII at 65 C for 20 min. DpnII-digested PCR products were purified again with QIAquick PCR Purification Kit, and 3 mg PCR products were sonicated in a Covaris microTUBE for 270 s with Covaris E220e (140W peak incident power, 10% duty factor, 200 cycles/burst). DamID-seq libraries were generated from 500ng sonicated PCR products using NEBNext Ultra DNA Library Prep Kit for Illumina (E7370S, NEB), with double size selection [0.6X-1.2X Agencourt AMPure XP beads (A63881, Beckman Coulter)] performed after the adaptor ligation step. Adaptor-ligated DNA was enriched using 5 cycles of PCR and purified with 1.2X Agencourt AMPure XP beads. Libraries for Dam alone, CBX1-Dam, and Dam-SMCHD1 rep1) were sequenced on Illumina HiSeq in a rapid run mode, generating 14-16 millions paired-end 69 nucleotide reads per sample. The library for Dam-SMCHD1 rep2 was sequenced on Illumina HiSeq in a rapid run mode, generating $38 millions paired-end 50 reads.
Analysis of SMCHD1 DamID-seq datasets
DamID-seq reads were aligned allele-specifically to 129S1/SvJm (mus) and CAST/Eih (cas) genome using NovoAlign as described (Minajigi et al., 2015) . After removing PCR duplicates, uniquely mapped read pairs were used for further analysis. Reads mapped to chromosome 3 and X were quantified by samtools. To normalize the signals generated by Dam-fusion proteins over background, we computed the log2(Dam-fusion/Dam alone) values of each GATC fragments using damidseq_pipeline (Marshall and Brand, 2015) . The damidseq_pipeline software offers two methods of normalization: one (the kde mode) uses kernel density estimation of log2 GATC fragment ratio and the other (the rpm mode) uses read counts per million reads. These two methods generated similar profiles when analyzing CBX1-Dam and Dam-SMCHD1 rep1. However, the kde mode generated a normalized Dam-SMCHD1 rep2 profile where the average SMCHD1 signal seemed to be higher than the rpm mode, likely because Dam-SMCHD1 rep2 was sequenced at much higher depth. To overcome this issue, we randomly sampled 45% reads from Dam-SMCHD1 rep2 libraries (command: samtools view -bs 42.45) to generate the kde-mode normalized profile of down-sampled Dam-SMCHD1-rep2. As the kde-mode normalized profiles show high correlation between Dam-SMCHD1 rep1 and down-sampled rep2, we displayed the kde-mode normalized Dam-SMCHD1 rep1 profile in the main figures using IGV, with scales indicated in each track.
To investigate the relationships between Dam-SMCHD1 replicates and CBX1-Dam profiles, we computed their degree of enrichment at each 100-kb bin across the genome and computed Pearson correlation coefficients (r). To compare the degree of SMCHD1, Xist, and H3K27me3 enrichment in S1 v.s. S2 compartment, Xist CHART-seq and H3K27me3 ChIP-seq data in female EY.T4 MEFs were downloaded from GEO (GSE48649). Xist, H3K27me3, and SMCHD1 enrichment [log2(Dam-SMCHD1/Dam alone)] (comp tracks) were quantified at each 200-kb bin on the X chromosome, with bins having positive PC1 values in PCA on Smchd1 À/À NPC Xi Hi-C data at 200-kb resolution assigned as S1 compartments, and the other bins as S2 compartments. To compare SMCHD1 enrichment at different classes of X-linked genes, we quantified average SMCHD1 enrichment in the gene body of each gene using Homer. To determine if SMCHD1 showed enrichment at TAD boundaries, we used previously defined TAD boundaries (Dixon et al., 2012) and computed the average enrichment profiles for each 10-kb bin spanning a 1-Mb window centered at TAD boundaries. CTCF ChIP-seq in WT NPCs (replicate 1) was similarly analyzed as a positive control. 
RT-PCR
RNA was isolated from cells using TRIzol (15596018, Thermo Fisher Scientific) according to manufacturer instructions. Genomic DNA was removed from 10 mg RNA in a 50 mL reactivation with 2 units TURBO DNase using TURBO DNA-free Kit (AM1907, Thermo Fisher Scientific). After inactivating TURBO DNase by DNase Inactivation Reagent, 1.6 mg DNase-treated RNA was reverse transcribed using SuperScript III Reverse Transcriptase (18080-085, Thermo Fisher Scientific) with 250ng random primers (C118A, Promega) at 25 C for 5 min, 50 C for 1 hr, and 85 C for 15 min. cDNA was 5$10-fold diluted with H 2 O. Conventional PCR was performed using 2X PCR MasterMix (M7505, Promega). Quantitative PCR was performed using iTaq Universal SYBR Green Supermix (1725125, Bio-Rad) in a CFX96 Real-Time PCR Detection System (Bio-Rad).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical parameters including the statistical tests used and the exact value of p and Pearson's r are reported in the figures, figure legends, or associated main texts. Statistical significance is determined by the value of p < 0.05 by the indicated tests.
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